INTRODUCTION
Factors underlying patterns of spatial and temporal distribution of mangrove seedlings have been a subject of considerable research in mangrove ecology (Smith 1987 , McKee 1995a ,b, Dahdouh-Guebas et al. 2000 , 2002 , Delgado et al. 2001 , Ball 2002 , Allen et al. 2003 . This is because successive seedling recruitment underpins natural regeneration and thus fundamentally contributes to the restocking of forest stands (Duke 2001 , Kairo et al. 2002 . This, in the long term, determines the structure and functioning of mangrove ecosystems.
Propagule predation is one such factor that has been tested over varying spatial scales with different experimental designs. Various models have been proposed in support of predation, including (1) the dominancepredation model, which postulates that an inverse relationship exists between the rate of predation of a particular species and the conspecific dominance in the canopy (Smith 1987) , (2) the canopy-gap mediated model (Osborne & Smith 1990 , Clarke & Kerrigan 2002 , which suggests that predation is more intense under closed canopies and small gaps than in adjacent relatively larger gaps, and (3) the flooding regime model (Osborne & Smith 1990 , Clarke & Myerscough 1993 , which suggests that propagule predation may be lower in the lower intertidal than in the upper intertidal due to differential flooding which determines the ABSTRACT: Seedling recruitment underpins natural regeneration and contributes to the restocking of forest stands, which in the long term determines the structure and functioning of mangrove ecosystems. Propagule predation (among other factors) has been found to play an important role in determining seedling distribution patterns in many mangrove stands. The role of propagule predation in influencing the observed regeneration in a Rhizophora mucronata reforested stand (9 yr old) with various spontaneously established mangrove species was investigated by looking at the effects of pruning, position (planted/vertical or prone/horizontal on the forest floor to simulate stranding) and species (Rhizophora mucronata, Ceriops tagal and Bruguiera gymnorrhiza) found to be spontaneously growing in the plantation. Predation intensity was higher (p = 0.05) in the pruned part of the stand than in the unpruned part. Prone propagules were preyed on more (p = 0.05) than the planted category, while R. mucronata was the species least preyed on compared to C. tagal and B. gymnorrhiza, suggesting that predation favors the recruitment of R. mucronata into this conspecific stand. Significant differences among prone and planted propagules suggest that predation is intense during the stranding phase, and this may play a critical role in limiting seedling establishment and subsequent recruitment. Predation is suggested to be a regulator of competition in this high-density stand by eliminating or reducing potential competitors, alluding to a 'mutual relationship' between crab predators and mangrove trees. time available for foraging by crabs. However, Sousa & Mitchell (1999) found predation to be more intense in the lower intertidal of their study area, because of the presence of herbivorous crabs, than in the upper intertidal, which was dominated by detrivorous Uca spp., suggesting that differential flooding may not be a sufficient explanation of tidal variations in predation rates. Although spatio-temporal differences exist, the general consensus seems to be that propagule predation does play a role in influencing regeneration dynamics in mangrove stands. Bosire et al. (2003) assessed colonization of nonplanted mangroves species into reforested stands of the same age (5 yr) in Gazi Bay, Kenya, and found varying densities in the 3 monospecific stands studied. The Avicennia marina (Forsk.) Vierh. stand had 4 nonplanted species with a density of 4000 ± 300 seedlings ha -1 , the Sonneratia alba J. Smith stand had 5 species with a density of 5400 ± 1100 seedlings ha -1 , while the Rhizophora mucronata Lamk. stand had 4 recruited species but with the lowest density (700 ± 100 seedlings ha -1 ). In a follow-up study on the latter 2 stands 4 yr later (J. O. Bosire et al. unpubl. data), it was found that recruitment in the R. mucronata stand was higher (2048 ± 667 juveniles ha -1 ) than in the previous study, but significantly lower than the density in the S. alba reforested stand (5704 ± 647 juveniles ha -1 ). The adjacent natural R. mucronata stand (reference site for the reforested R. mucronata stand) had significantly higher densities (7000 ± 300 and 7390 ± 660 juveniles ha -1 , respectively) in both studies. The above scenario (low regeneration rates in the Rhizophora mucronata reforested stand) necessitated an analysis of possible regeneration constraints in this stand to determine the potential factor(s) impeding juvenile colonization or leading to the low densities observed in the 2 studies. Propagule dispersal (Rabinowitz 1987 , McGuinness 1997 , Clarke et al. 2001 determines the arrival of viable propagules at a site for possible colonization. McKee (1995b) found that distance from reproductive adults explained 89 to 94% of seedling recruitment patterns in Belize, which could not have been a constraint in the current study area because the reforested stand was just at the edge of the natural forest. The reforested stand also reproduced for the first time (1 yr before this study, pers. obs.) and thus was a potential source of propagules for possible self-colonization. Physical conditions, especially local hydrodynamics, inundation regimes, salinity and irradiance (Watson 1928 , McKee 1995b , Matthijs et al. 1999 , Ball 2002 , Thampanya et al. 2002 , Bosire et al. 2003 have also been found to influence seedling recruitment. The stand is in the upper intertidal, is inundated only during spring tides and tidal currents are very weak as implied from the high clay content (Bosire et al. 2003 (Bosire et al. , 2004 observed in the 2 studies (37 ± 8 and 44 ± 3%, respectively). In both studies, clay content was similar to that in the adjacent natural forest (42 ± 9 and 43 ± 6%, respectively). The canopy cover in the reforested stand was on average 90%, while salinity was similar to that in the natural stand in the first study and slightly higher (by 2 ‰) in the second study. The site conditions above therefore rule out unfavorable hydrodynamics, irradiance and salinity as possible regeneration constraints. The closed canopy could, however, have been severely limiting the light that reached the forest floor, hence suppressing plant growth. If light were playing such a significant role, however, then it would be expected that many dead propagules could be found on the forest floor having died after stranding or establishment and their reserves becoming exhausted. Nutrient limitation (more specifically NO 3 -limitation) was ruled out since the reforested plantation was found to have similar concentrations as the adjacent natural stand (J. O. Bosire et al. unpubl. data) . Bosire et al. (2004) found herbivorous crabs (sesarmids), which predate on propagules, to be dominant in this stand as opposed to Ocypodid crabs, suggesting that propagule predation was the most likely factor influencing seedling establishment. One half of this 6.74 ha R. mucronata plantation had been recently pruned for routine forestry silviculture to enhance stand performance (Stoddard & Stoddard 1987) .
The main objective of this study was to assess the role of propagule predation in influencing propagule establishment and survival as a precursor of seedling patterns observed in earlier studies in the Rhizophora mucronata reforested plantation. The specific objectives were to assess (1) propagule establishment as influenced by predation as a potential regeneration constraint, (2) the influence of pruning (opening up of the canopy) on propagule predation if any, and (3) conspecific versus non-conspecific propagule predation as a potential factor controlling seedling species composition. These objectives generated 2 hypotheses: (1) Intense propagule predation (before establishment) regulates regeneration in this high-density reforested plantation; (2) R. mucronata was least preyed on in this stand, leading to the observed high seedling density for this species (J. O. Bosire et al. unpubl. data) .
MATERIALS AND METHODS
Site description. The study was conducted in a Rhizophora mucronata reforested stand on the southern coast of Kenya (Gazi) about 50 km from Mombasa in Kwale district (4°25' S and 39°30' E). The stand, covering an area of 6.74 ha (Kairo 1995a), was 9 yr old at the time of this study. The site had been reportedly clearfelled in the 1970s to extract wood for the chalk and brick industries. The clear-felling led to adverse changes in environmental factors (Bosire et al. 2003) , which impaired natural regeneration, hence necessitating reforestation of this site in 1994 (Kairo 1995b). Adjacent to this plantation is a natural stand, which is dominated by R. mucronata.
Ecological monitoring of this plantation has indicated significant progressive recovery in terms of modified physico-chemical factors (e.g. high organic matter content, lowered interstitial water salinity and temperature, high clay content), which have encouraged faunal (crabs, mollusks and soil-infauna) colonization and higher structural stand development (Bosire et al. 2003 (Bosire et al. , 2004 of 3 mangrove species, namely R. mucronata, C. tagal and B. gymnorrhiza were collected by shaking reproductive mother trees and picking falling mature propagules. Some propagules were also picked from the forest floor but good health status had to be ascertained by checking whether they had already been preyed on and/or had started drying/rotting. Only healthy propagules (fresh and not preyed on) were selected. The 3 species chosen are the ones which were found to be most often spontaneously recruited in previous studies in this stand (Bosire et al. 2003, unpubl. data) , hence the area was suitable for their growth. Ten 6 m × 6 m quadrats were randomly made in each of the pruned and unpruned sites, ensuring that they covered the whole area in either site.
The rate of propagule predation was measured by monitoring the fate of tethered propagules. Thirty-six propagules (12 per species) were used per quadrat. The propagules were tied individually using 50 cm long nylon ropes to prevent them from intertwining. They were then placed 1 m apart on square matrices and tied to prop roots or immobile objects (e.g. mangrove pegs/wood firmly driven into the ground). For the 12 propagules of each species, 6 were placed horizontally on the forest floor (prone) to simulate the stranding phase, while the remaining 6 were planted (to a third of the propagule's depth). The prone and planted propagules were placed alternately for each species so that the probability of either being preyed on was 50%, while the alternation between the 3 species ensured that each species had a 33.3% probability of being preyed on (Fig. 1 ). Propagules were recorded as viable (capable of growth), non-viable (incapable of growth) or missing. Propagules were considered nonviable if they met any of the following 3 criteria: (1) the epicotyl had been eaten, (2) the propagule had been taken down a crab burrow, or (3) at least 50% of the hypocotyl had been cut through (Smith 1987 , McGuinness 1997 . Predation was scored twice a week (starting from Day 2) for the first 3 wk, and thereafter once a week for 4 wk.
Data treatment. The number of remaining viable propagules per scoring was converted to a percentage of the original number of propagules for species, site and position (prone and planted). These respective ). There is alternation between species and position (planted/vertical and prone/horizontal) along 6 horizontal axes (only 3 are shown, and 3 more are located in the direction of the arrows) with 12 propagules per species (6 planted and 6 prone), giving a total of 36 propagules per plot. Tethering is only shown for prone propagules. 1: Rhizophora mucronata; 2: immobile object, which was either a root or peg driven into the ground; 3: Bruguiera gymnorrhiza; 4: Ceriops tagal variables were then presented graphically against time (day of sampling) as mean ± SE (Figs. 2 to 4) . These percentages were logtransformed to normalize the data and analysis was performed using the General Linear Model Univariate ANOVA (3-way ANOVA). Paired comparisons were done with Tukey's HSD test. For the time effect, Days 0, 2 and 41 were selected and analysed separately, with a 3 dependent factor design. Day 0 represented the number of propagules at t 0 , Day 2 was significant because of the initial high predation intensity of fresh propagules (Smith 1987 , Dahdouh-Guebas et al. 1998 , which was also quite clear from the graphs above, while Day 41 represented the number of propagules remaining at the end of the experiment. Levene's test of equality was used to test for the homogeneity of variances across groups for the dependent variable.
RESULTS
Propagule predation intensity was significantly higher (df = 1, F = 68.7, p = 0.000) in the pruned site (Fig. 2, Table 1 ) with species and position (prone and planted) combined. Overall, prone propagules were preyed on more (df = 1, F = 48.4, p = 0.000) than planted propagules (Fig. 3, Table 1 ). Overall, Rhizophora mucronata (Fig. 4) was preyed on least among the 3 species (df = 2, F = 11.6, p = 0.000), while the rates of predation among Ceriops tagal and Bruguiera gymnorrhiza were higher and similar. p 50 (the time at which 50% of the propagules were either missing or non-viable due to predation) was 4 and 6 d for pruned and unpruned sites for all species and both positions.
For the planted propagules, R. mucronata in the unpruned site was the least preyed on, followed by C. tagal in the unpruned site, R. mucronata in the pruned site and B. gymnorrhiza in the unpruned site. The latter 3 categories seemed to be preyed on at a similar intensity. For these planted propagules, C. tagal and B. gymnorrhiza in the pruned site were preyed on most. The trend observed above for the planted propagules was the same as for the prone propagules, but with higher predation intensity for B. gymnorrhiza. This similar trend for species and position among sites, with only the predation intensity varying, led to a non-significant interaction among site × species, site × position, species × position and site × species × position ( Table 1 ), suggesting that variation in species predation across treatments (site and position) was similar; the same was true for the position effect. The time effect (for Days 0, 2 and 41) was highly significant (p = 0.000). p 50 was 3 and 6 d for prone and planted propagules, respectively, for all species at both sites. By Day 8, all the prone C. tagal propagules in the pruned site had been preyed on. Of the prone propagules, only 13% of C. tagal (unpruned site), 15 and 10% of B. gymnorrhiza (in unpruned and pruned sites, respectively), and 5 and 33% (in pruned and unpruned sites, respectively) of R. mucronata propagules remained by Day 8. Planted propagules of R. mucronata in the unpruned site had 82 and 52% of the original number remaining on Days 2 and 41, respectively. Overall, by Days 2 and 41, only 24 and 8%, respectively, of the original number of prone propagules remained, compared to 53 and 23%, respectively, for planted propagules; while the pruned site had 27 and 8%, compared to 53 and 22% propagules, respectively, remaining at the unpruned site.
DISCUSSION
Different explanations have been offered to support the hypothesis that varying spatial and temporal propagule predation rates are one of the factors regulating observed seedling distribution patterns in mangrove forests. Planting of propagules (to mimic establishment) strongly influenced the reduction of predation intensity. Dahdouh-Guebas et al. (1997) and Clarke & Kerrigan (2002) found propagules dispersed in the prone position to have higher mortality, and thus planting had the largest magnitude of effects across all species for treatment effects. This therefore suggested that intense propagule predation limited propagule establishment and subsequent seedling recruitment, hence regulating natural regeneration in this stand. Pruning did not lead to a reduction in propagule mortalities, suggesting that the 2 sites differed in other aspects causing stand/habitat heterogeneity, which may have led to the differential predation. Canopy gaps do enhance natural mangrove regeneration (Smith 1987 , Smith et al. 1994 , Sherman et al. 2000 , Duke 2001 , Minchinton 2001 , most likely due to reduced resource competition (especially increased light availability) and reduced crab predation, but only in large gaps and not in closed canopies or small gaps, which only let through flecks of light (Osborne & Smith 1990 , Minchinton 2001 , Clarke & Kerrigan 2002 .
J. O. Bosire et al. (unpubl. data) working at the same site a year before this study found 4 species of seedlings/saplings (Rhizophora mucronata, Ceriops tagal, Bruguiera gymnorrhiza and Xylocarpus granatum Koen.) established in this stand. Of these species, the conspecific individual had the highest density, followed in descending order by C. tagal, B. gymnorrhiza and X. granatum. Propagule predation even seems to regulate individual species colonization as suggested in this study because R. mucronata (which was also the crown species) was the least preyed on of the 3 species, while the intensity of predation on the other 2 species (C. tagal and B. gymnorrhiza) was higher and similar. This observation is consistent with other findings. Smith (1987) , McKee (1995a) , McGuinness (1997) and Sousa & Mitchell (1999) found high propagule predation rates of smaller-sized propagules (e.g. those of Ceriops, Bruguiera, Avicennia and Aegiceras spp.) compared to larger propagules (e.g. those of Rhizophora spp.) as was the case in the present study. This preference for smaller propagules by crab predators has been attributed to easier facilitation of burial of smaller propagules in burrows, high nutritive value and low concentration of inhibiting chemicals (e.g. tannins) of smaller propagules (Smith 1987 , McKee 1995a , Clarke & Kerrigan 2002 , which make these propagules most vulnerable to crab predators. This, in the long term, significantly influences forest structure in areas where propagule predators are abundant.
The results suggest that propagule predation plays a critical role in determining seedling recruitment in this stand. Bosire et al. (2004) found sesarmid crabs to be a significant faunal component in this plantation, which did not occur in a bare (denuded) control site of a similar site history, inundation class and close to this reforested stand. They concluded that mangrove reforestation has created conditions which have favored colonization of this site by sesarmid crabs. The role these crabs play in the mangrove ecosystem, ranging from enhancing soil mixing (leading to nutrient mixing and improving aeration in otherwise anoxic soils), high litter turnover rates (Robertson 1986 , Camilleri 1989 , Micheli et al. 1991 , Steinke et al. 1993 , Lee 1998 to influencing vegetation structure through predation (Smith 1987 , McKee 1995a , Dahdouh-Guebas et al. 1998 , Clarke & Kerrigan 2002 , cannot be overemphasized. Sesarmid crabs therefore seem to prefer areas with mangrove cover compared to denuded areas, most likely due to the abundance of food materials and suitable substrates provided by the trees. Macnae (1968) mentions the existence of a causal association between fauna and mangroves.
Propagule predation has been found to be more intense under closed canopies and those with small gaps (Osborne & Smith 1990 , Clarke & Kerrigan 2002 where competition for resources is more intense than in adjacent relatively larger gaps. This may suggest that predation helps to reduce competition in high density (or closed canopy) forest stands or in small gaps by eliminating or reducing potential competitors, hence influencing regeneration processes in such microhabitats. Since mangroves are not known to exhibit antagonism as a means of suppressing performance of competitors (Saenger 2002) , predation by crabs seems to be a possible means of reducing competition in an already harsh habitat. This may suggest the existence of a 'mutual relationship' between sesarmid crabs and mangroves, whereby mangroves provide a suitable habitat for the crabs, which among other roles reduce competition through predation. Instead of propagule predation being seen as a largely negative phenomenon (limiting regeneration), this relationship between mangroves and crabs, especially under closed canopies and in high-density mangrove stands (as in the stand used in this study), seems to be one of mutual benefit. Further research in this direction (predation in closed canopies/high density stands versus adjacent gaps of various sizes) may provide useful ecological information critical in the management of mangrove stands.
Since forest ecosystems (mangroves included) are dynamic, periodic monitoring of reforested stands is necessary to elucidate observed regeneration (and general performance) trends as the stands age and undergo different management regimes. This further research should include assessment of the influence of propagule predation and other potential regeneration constraints on the vegetation dynamics in this stand and other reforested plantations.
